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RESEARCH MEMORANDUM

PRESSURE RECOVERY, DRAG, AND SUBCRITICAL STABILITY
CHARACTERISTICS OF CONICAL SUPERSONIC DIFFUSERS
WITH BOUNDARY-LAYER REMOVAL
By Leonard J. Obery, Gerald W. Englert, and

Theodore J. Nussdorfer

SUMMARY

The external and internal aerodynamic chasracteristics of two
conical inlets having different cowl-lip posltlons and employing
boundary-layer bleed on the cone surface were investigated in the Lewls
8- by 6-foot supersonic wind tunnel. Data from a cold-flow investigation
at zero angle of attack are presented for a range of mass-flow ratios;
free-stream Mach numbers of 1.7, 1.9, and 2.0; and a Reynolds number of
approximately 5X10° based on inlet diemeter.

The results indicate that an inlet whose source of instability is
cone-surface boundsry-layer separatlion may be stabilized by bleeding off
that boundary layer. The beneficial effects of the boundary-layer bleed
were not accompanied by a severe penalty in drag in the increased portion
of the stable range.

INTRODUCTTON

Previous studies of supersonic inlets have shown that a severe
pulsing problem exists in the subcritical range of diffuser operation.
Some results of an inlet Iinvestigation presented in references 1 and 2
indicate instability originating from two sources: (l) a vortex sheet
entering the inlet, and (2) separation of the cone-surface boundary
layer. This separation is caused by the magnitude of the pressure
gradient in the reglon of the normal shock. Significant improvement in
the subcritical stable range of operation, where the source of instability
was the separated boundary layer, is reported for inlets incorporating
boundary-layer removal in references 2, 3, and 4.

This investigation was conducted in the NACA Lewls 8- by 6-foot
supersonic wind tunnel on a 1l6-inch-diameter ram-Jjet engine designed
for project Rigel to verify the effectiveness of boundary-layer removal
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on & large scale model and to obtain an indication of the drag penalty

imposed on the engine by a boundary-layer bleed system. Two inlets, -
both with boundary-layer removal on the conical portion of the center

body but with different cowl-lip pogitions, were evaluated. These

inlets were designed according to the small scale results of refer-

ence 4. The pressure-recovery and drag characteristics for both con-

figurations are compared with the results reported in reference 1 for

a similar inlet having no cone-boundary-layer removal.

The data presented were obtalned with cold flow at free-stream Mach
numbers of 1.7, 1.9, and 2.0 at zero angle of attack. The Reynolds
number based on the inlet diameter was approximstely 5x108.
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APPARATUS AND PROCEDURE

A diagramstic sketch of a 16-inch ram-jet engine is shown in figure 1.
Downstream of the inlet attachment station, the component parts of the ram-
Jet engine and the test apparatus were the same as those reported in ref-
erence l. Upstream of this station, the two inlets of this investigation
were the same except for l/2-inch difference in cowl length as shown in

figure 2. .

The inlets may be identified by the cone half-angle and the cowl-lip
poeltion angle, such as 20-26.2 for the forward lip inlet and 20-26.0 for
rearward lip inlet. Nonserodynamlc considerations required the long spike
projection shown in figure 2 and thereby forced the inlets to capture only
about one-half the full free-stream tube defined by the inlet dlameters.
Thus the inlets are essentlally of the low mass-flow ratlio type within the
range of thils investigation. Profile coordinates for the two inlets are
given in table I and body dimensions downstream of the inlet attachment
station are presented in table II. The boundary-layer bleed height for
both inlets was 0.090 inch, which corresponds to a flow area of approxi-
mately 3 percent of the maximum free-stream tube area. The mass flow
through the boundary-layer bleed duct could be varied by a remotely con-
trolled butterfly valve. Because of space limitations, the bleed air
flow could not be evaluated.

Preliminary investigation of the inlets indicated that the stable
operating range was less than antlicipated. The addition of half-conical
windshields on the cowl outer surface over the exlt of the boundary-layer
bleed ducts increased the pressure ratio across the bleed system and
extended the stable resnge to the expected values; however, no change in
total drag of the configuration was detectable. All dats presented were
therefore obtaired with the windshields. -

A 0.375-inch-diameter pitot-static tube extended 4% inches upstream

of the cone apex. The effects of this tube on the boundary-layer
characteristics of the cone were neglected in the analysis of the data.
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As an indication of the meximum mass air flow obtainable with each
inlet, a table of ratlos of the maximum free-stream tube area to the
combustion-chesmber ares for the three free-stream Mach numbers is
included in figure 2. The rearward lip inlet spilled somewhat more air
supersonically than the forward 1lip inlet.

The method of data reduction are described in reference 1.

SYMBOLS

The following symbols are used in this report:

Amax maximum cross-sectional srea of engine (1.485 sq £t)
.8 wetted area of spike (1.096 sq £t)
Aye wetted area of engine (5.74 sq ft)
D
Cp drag coefficient, ESK;;;
D drag (1b)
M Mach number
m mass flow (slugs/sec)
m/gmax ratio of mass flow to maximum mass f£low measured at a given
stream condition
P total pressure (1b/sq ft absolute)
ys) static pressure (1b/sq ft absolute)
q dynamic pressure, %pMz (1b/sq £t)
R radius (in.)
v velocity
¥y radial distance (in.)
B ratio of maximum mass flow at given condition to mass flow
in free stream having an area equal to cone inlet area
(NN
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'e ratio of specific heats

o} boundary-layer height

p density

Subscripts:

a additive drag

b bouridary-layer bleed drag

f friction drag i

1 local

P pressure drag

o free stream

1 diffuser inlet

3 combustion-chamber inlet (annular area minus longeron area)
(1.034 sq ft)

4 combustion-chamber station 4 (1.394 sq ft)

5 combustion-chamber outlet

6 nozzle outlet

RESULTS AND DISCUSSION

The data obtained in this investigation are presented in terms of
internsl as well as external flow counsiderations. The internal flow
will be discussed primarily on the basis of diffuser pressure-recovery
characteristics and the external flow will be presented in terms of
total and component drags.

Pressure-Recovery Characteristics

Over-all diffuser pressure recovery. - The verlation of total-
pressure recovery PS/PO for both inlets is shown in figure 3 as a

function of the mass-flow ratio m/m, .., where m . 1s the maximum

measured mass flow at the given Mach number. Also presented for
comparison purposes is the stable range of & similar inlet without
boundary-layer bleed, discussed in reference 1.

2622
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Removing the cone-surface boundary layer conslidersbly increased
the steble subcritical range of the diffuser, especially at the higher
Mach numbers. In terms of mass-flow ratio, the stable subcritical range
Por both bleed-type inlets varied 1little with free-stream Mach number
over the range investigated. The rear 1lip configuration consistently
gave a greater stable subcritical range.

An explanation for the effectiveness of a boundary-layer-removel
system is contained in the schlieren photographs presented in figure 4.
The terminal shock for the minimm stable subcritical polnts for both
inlets at Mg = 1.7 (points A and B of fig. 3) is located the same
distance upstream of the bleed gap for both inlets. The rearward lip
inlet, having a greabter distance between the bleed gap and the cowl
1ip, had a greater subcritical stable range. The action of the bleed
duct was to remove a major portion of the separated boundary layer and
to cause regttachment of the remaining part to the cone surface down-
stream of the bleed inlet. A further reduction in the mass flow created
& larger separated region and allowed separgted flow to enter the dif-
fuser. Thus, as the mass flow was reduced, greater smounts of low-
energy alr entered the inlet causing & decrease in the total-pressure
ratio across the inlet and eventually instebility in the flow (see ref-
erence 5).

The effect on diffuser performance of cone boundery-layer bleed is
presented in figure 5 as a function of a mass-flow ratio parameter
(m/mmax)ﬁ s where B 1is the ratio of the maximm mess flow to the mass

flow in a free-stream tube having an area equal to the cowl-lnlet ares.
The maximum engine mass Fflow remained independent of bleed air flow
indicating that removing the boundary layer changed the effective cone
angle and thereby compensated for the loss in maess flow through the
boundary-layer bleed. The msximum pressure recovery was decressed by
closing the bleed valve and the stable subcriticsl range was limited to
the same order of mesgnitude ss the comparative inlet of reference 1.

Throughout this investigation of low messs-flow ratio inlets the
source of instability originsted from the inbtersection of the inlet
terminal shock with the boundary layer on the cone surface. Refer-
ence 2 states that this intersection forms & lambdas shock pattern from
the fork of which a vortex sheet ls generated. It also states that
the entrance of thls vortex sheet Into the inlet gt a radius slightly
less than the cowl-1lip radius 1s the mechanism by which instgbility
arises. No vortex sheet was observed, however, on any of the schlieren
rhotographs taken of the inlets of this investigation. It appears that’
low-energy air entering the inlet near the center-body radius was suf-
ficient to cause pulsing.

Subsonic pressure recovery. - The subsonic pressure recovery defined
as the pressure recovery from the cowl lip (station 1) to the combustion-
chamber inlet (station 3) is shown in figure 6 as a function of the mass-
flow ratio m/m ... In the stable operating range the subsonic

recoveries were approximately the same for both inlets st any glven flow
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condition. As would be expected, the subsonic pressure recovery varied .
inversely with diffuser-inlet Mach number. At the minimum steble sub-

critical point for a Mach number of 2.0, where the inlet Mach number to

the subsonic diffuser was also a minimum, no measurable subsonic loss

was observed.

Inlet-pressure profiles. - The total-pressure profiles at station 1
are presented in figure 7 for the case of the boundary-lsyer bleed control
fully open. Three flow conditions are represented: critical, minimum
stable suberitical, and pulsing where applicable. For all stable flow
conditions, the profiles were reasonably constant across the channel,
indicatling that the separated boundary-layer air was being effectively

removed.
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Pulsing caused a decrease in local pressure recovery but did not
appreclably change the shapes of the profiles. This indlcates that
pulsing was accompanled by separatlion of the flow from the cone surface,
which spread over the entire inlet area rather than being limited to
only a restricted area near the inner portion of the annulus. The -
schlleren photograph of the forward 1lip inlet at a free-stream Mach
number of 2.0 (fig. 8) shows a portion of the pulsing cycle where this
extreme separation exists. The frequency of pulsatlions were spproximately
9 cycles per second and the static-pressure fluctuation at station 3 in
percentage of the free-stream total pressure varied from 37 percent at
a free-stream Mach number of 1.7 to 54 percent at a Mach number of 2.0.

n

Boundary layer on cone. - As part of the investigetion of the
forward 1ip inlet, boundary-layer total-pressure rakes were mounted
epproximately 1 inch upstream of the bleed. Meagured boundary-layer
profiles for several flow conditions (fig. 9) are compared with profiles
predicted by the compressible viscous-redial-flow theory of reference 8.
The messured Msch numbers outside the boundary layer were in excellent
agreement with inviscid-conical-flow theory end the Mach number distri-
bution in the boundary layer was approximated by radial-flow theory for
all free-stream Mach numbers. The boundary-layer profiles predicted
from the theory of reference 6 were in close agreement wlth those pre-
dicted by the incompressible turbulent conical-boundary-layer theory
of reference 7.

Calculation of the friction drag on the cone surface, based on the
change in momentum of the boundary layer, indicates that the friction-
drag coefficient was approximately 0.0035, based on combustion-chamber
area, or 0.0047, based on the wetted area of the spike, at critical flow
conditions. The theoretical friction drag of reference 6 based on
wetted area ranged from 0.0032 at Mo = 1.7 +to 0.0036 at My =2.0 as
compared with a constant value of 0.0035 calculated by use of the the-
ory of reference 7.

Closing the boundary-layer bleed at critical flow conditions

(fig. 9(b)) caused a general thickening of the boundary 1
er on the
cone surface. Inspection of relsted schlieren.photographzyshows this
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boundary leyer to pass over the bleed system and enter the inlet. This,
in part, accounts for the decreased pressure recovery in the stable
subcritical flow range (fig. 5).

Drag Characteristics

The total-drag characteristics were obtained from force measurements

with the wind-tunnel balance system by the method described in reference 1,

The tare forces and boattail drags were removed so that values for drag
coefficient correspond to an engine having a cylindrical constant-area
combustion chamber. All drag coefficlents asre based upon the maximum
frontal srea of the ram-jet engine. No change in drag could be measured
because of the addition of the windshilelds over the boundary-layer bleed-

‘duct outlets.

Total-drag coefficient (force measurements). - The variation of
total-drag coefficient for both bleed inlets is presented in flgure 10
as a function of mass-flow ratio parameter (m/mmax)ﬁ at free-stream
Mach numbers of 1.7, 1.9, and 2.0. The drag coefficlents at critical
conditions were approximstely the same for both inlets and showed only
slight varistions with free-stream Mach number.

Pressure-drag coefficient. - The cowl pressure-drag coefficlent,
which 1s an integration of the pressure coefficients along the external
cowl surface, varied linearly with the mass-flow ratio m./mmax in the
stable subcritical range for both inlets (fig. 11). Free-stream Mach
number hed a negligible effect upon the value of pressure-drag coeffi-
cient in the range from 1.7 to 2.0. The grester drag coefficient for
the forwerd lip inlet was due to the grester projected area of the cowl
compared with the rearward 1ip inlet.

Additive-drag coefficlent. - The theoretical (reference 8) and
experimental varigtlion of additive-drag ccefflcient with mess-flow ratio
is presented in figure 12. The experimental values of additive drag,
calculated from the change in momentum of the engine air flow Prom free
stream to the inlet station, are reasonsbly well predicted by the theory
throughout the stable subcritical rsnge.

Friction-drag coefficient. - The friction-drag coefficient CD,f
was obtained from reference 1 for s simller configuraetion without
boundary-leyer removal. Within the limits of experimental accurecy
the friction-drag coefflcient was found to remain independent of free-
stream Mach number and mess-flow ratio at the value of 0.063, based on
engine frontel area. Basing this friction-drag coefficient on webtted
areg resulted in a value of 0.001l6, which shows good agreement with
compressible flat-plate theory of reference 9 (0.00158 at M, = 1.7).

Summation of drag components. - The summation of the individusl
drag components is presented in figure 13 together with the measurements
of the total-drag coefficient from the tunnel-balaence system. The
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difference between the summated drag components and the drag obtained
from force measurements is partly the contribution to the total dreg
impoged by the boundary-layer bleed system and partly experimentsl error
in the determination of component drage. The drag due to the boundary-
layer bleed system has been estimated for the forward 1lip inlet at
critical mass flow by assuming that all the boundasry layer on the cone
as measured by the cone rakes flowed through the bleed gap. The drag
of the boundary-layer bleed was then determined from the condition that
all the momentum in the drag direction entering the bleed inlet was
lost. These points are shown summated with the other component drags
on figure 13 for the forward 1lip inlet and, except at the highest Mach
number, show excellent agreement with the measured force readinge, No
cone-boundary-layer measurements were made on the rearward lip inlet
and hence no bleed-drag dats are presented. The convergence of the
summetted and the measured drag curves indicates thet in the extended
stable subcritical range (the reglon where the bleed was operating
efficiently) the drag of the boundary-layer bleed system becomes smsall.

CONCLUSIONS

An investigation was conducted with two_ low mass-flow ratlo inlets
having different cowl-lip positions and employing boundary-layer remocval
on the cone surface on & 16-lnch ram-jet englne. From operation over a
range of mass-flow ratlios st zero angle of attack and at Mach numbers of
1.7, 1.9, and 2.0, the following conclusions may be drawn:

l. A cone-boundary-layer bleed is effective 1n increasing the stable
range of an inlet when the instablility sarises from separated boundary
layer on the cone surface. :

2. Irrespective of the distance of the hleed gap from the cowl 1lip,
instgbility results for a given Mach number when the normal shock 1s the
same maximum distance from the bleed gap for both inlets.

3. A boundary-layer bleed system may be empléyed without adding a
severe penalty in drag in the increased portion of the stable range.

Lewis Flight Propulsion Laborsatory S
National Advisory Committee for Aeronautics
Cleveland, Ohio
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TABLE I - INLET COCRDINATES

Distance | Inner body Forward lip inlet Rearward 1lip inlet
from cone| dismweter cowl diameter cowl diameter

apex (in.) (in.) (in.)

(in.)
Quter surface | Inner surface| Cuter surface | Imner surface
0 0
Conlcal
to

12,085 9.002

12.565 12.42 12.420

13.065 12.81 12.66 12.75 12.75
13.48 9.980 13.13 12.80 13.05 12.94
14.35 13,82 13.36 13.69 13.36
15.35% 11.040 14,20 13.70 14.20 13,70
16.85 11.400 14.44 13,94 14.44 13,94
18.35 - 11.520 Straight Straight Straight Straight
21.13 11.700 taper t0 taper to taper to taper to

Constant
26.35 to 15.28 14.78 15.28 14.78
31.49! 11.700 15.64 15.14 15.64 15.14
“Q:E%;g;?’
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TABLE IT - COORDINATES FOR AFTERBODY OF

16-INCH RAM~JET ENGINE

Outer body

Distance from Inner body
attachment station diameter outside
(in.) (in.) dismeter
(in.)

0 11.70 15.64
24.75 11.70 16.50
40.00 11.13
68.39 10.08
74.28 9.78 Constant
81.14 8.96
86.82 7.75

Conical to
to
100.89 3.43
101.61 16.500
Straight
taper to
106.61 16.250
Constant
to
159.98 16.250
AR
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Flgure 1. - Disgrammatic sketch of 16-inch ram-jet engive.
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(¢) Free-stream Mach number, 2.0.

Figure 3. - Verlatlon of total-pressure recovery with mass-flow ratio; arrows
indicate stable range without bleed (reference 1)}.
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dary-~layer
¢V rage

(a) Point A in figure 3; forward 1lip inlet, m/my,. = 0.677.

Figure 4. - Schlieren photograephs of the, inlets for suberiticel operation at free-stream
Mach nunber of 1.7. °
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(b) Point B in figure 3; rearward 1lip inlet, m/m,,. = 0.560,

Figure 4. -~ Concluded.

Schlieren photographs of the inlets for suberitical operation at
free-stream Mach number of 1.7.
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Figure 5. - Varlation of total-pressure recovery with mass-flow ratio
parameter for forward 1ip inmlet with boundary-layer bleed opened and

closed,
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(c) Free-stream Mach number, 2.0.

Figure 6, - Variation of total-presswre recovery in subsonic diffuser
with mass-flow ratio. .
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Figure 7. - Varilation of total-pressure profiles across cowl-1lip station.
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Figure 8. - Schlieren photograph of pulsing condition af free-sgtresm Mach number of 2.0.
Exposure, 1 microsecond.
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